The effects of mechanical stress on photographic emulsions by Weiss, Dennis A.
Rochester Institute of Technology 
RIT Scholar Works 
Theses 
11-1-1982 
The effects of mechanical stress on photographic emulsions 
Dennis A. Weiss 
Follow this and additional works at: https://scholarworks.rit.edu/theses 
Recommended Citation 
Weiss, Dennis A., "The effects of mechanical stress on photographic emulsions" (1982). Thesis. 
Rochester Institute of Technology. Accessed from 
This Thesis is brought to you for free and open access by RIT Scholar Works. It has been accepted for inclusion in 
Theses by an authorized administrator of RIT Scholar Works. For more information, please contact 
ritscholarworks@rit.edu. 
THE EFFECTS OF MECHANICAL STRESS
ON PHOTOGRAPHIC EMULSIONS
by
Captain Dennis A . Weiss
B. Eng . Royal Military College of Canada
(1978)
A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in the School of
Photographic Arts and Sciences in the
Colleg e of Graphic Arts and Photography





Sig nature of the Author ----'O==;""'~~=,_;;_= =---
Ronald Francis
c oordinator . M ,S. Degree ProgramAccepted by ----7'":====.....--0-,==:-:-===
Colleg e of Gr aphic Arts and Photography
Roches ter Institute of Technology
Rochester, New York
CERTIFICATE OF APPROVAL
M.S . DEGREE THESIS
The M. S . Degree Thes is of Captain Dennis A. Weiss
has been examined and approved
by the thesis committee as satisfactory
for the thesis requirement for the
Master of Science Degree
Dr . Hanoch ShaJitt , Thesi s Advisor
Dr. Yen Tan
Dr . Ronald Frilncis
November 1982
ROCHESTER I NSTITUTE OF TECHNOLOGY
COLLEGE OF GRAPHIC ARTS AND PHOTOGRAPHY
PERMISSION FORM
Title of Thesis THE EFFECTS OF MECHANICAL STRESS
ON PHarOORAP!lIC E>lULSIONS
I Pennis A. weis s prefer to be contacted
each time a reques t for r epr oducti on of this thesis is made and to consider
each reques t individually . I can be r eached at the following address.
Date; 31 December , 1962
THE EFFECTS OF MECHANICAL STRESS
ON PHOTOGRAPHIC EMULSIONS
by
Captain Dennis A. Weiss
Submitted to the Photographic Science and
Instrumentation Division in partial fulfillment of the
requirements for the Masters of Science Degree at the
Rochester Institute of Technology
ABSTRACT
The effects of mechanical stress on a photographic emulsion,
namely Kodak Royal-X Panchromatic, has been investigated. The
effects are related to the phenomenon of "Kink
Desensitzation"
of the
photographic emulsion. Despite the numerous experiments, results
and explanations by previous authors on this phenomenon, a model
relating the effects of mechanical stress on emulsions and dislocation
theory of strained crystals still evades the photographic scientist.
Strips of emulsion were axially stressed, using a Dillon
tensio-
meter modified for compression. To analyze the changes in photo
graphic sensitivity of the emulsion, the characteristic curves of the
developed internal and external images were compared as a function
of the applied stress. Both surface and deep internal developers
were utilized to analyze changes in the position of latent image
formation in a strained crystal. The parameter used to correlate the
effect of stress on the emulsion was the change in optical density,
11
AD, between the stressed and unstressed portion of the emulsion.
Then, aging experiments were conducted on the stressed samples to
investigate the effect of time on surface desensitization . Aging
experiments were conducted in the temperature range between 249K
and 318K. This allowed the calculation of the activation energy of
the aging process which was found to be 0.42 0.03 eV.
In general, it was found that the effect of stress is to produce
a surface desensitization and an internal sensitization of the stressed
emulsion, and that both of these phenomena were related to the
applied stress. Maximum surface desensitization AD equal to 0.16,
occurred at 3500 kg/cm2. The effect of stress first becomes
apparent at an applied stress of 400 kg/cm2 which, in this study is
assumed to be the yield stress of iodobromide crystals in a gelatin
medium. Shifts in characteristic curves due to stress showed a
decrease in surface sensitivity and an increase in internal sensitivity.
Aging of stressed emulsions at room temperature after stressing but
prior to exposure, indicated a process resulting in the decrease of
surface desensitization. The value of the activation energy calcu
lated for the aging process is similar to that found by previous
authors to be for the diffusion of impurities to the dislocations
mainly due to elastic forces.
The results are discussed in terms of plastic deformation of
silver halide crystals and subsequent formation of dislocations in the
strained crystal. The forces associated with the dislocations and
their associations with impurities were discussed in order to attempt
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It is evident from today's technologically advanced society that
every photographic film manufacturer has strived to make the
handling of film as simple and non-destructive as possible. From
easy loading film packets, film cassettes, and now the revolutionary
Kodak "Disc Film", to easy loading mechanisms in modern cameras,
the chances of bending a film are becoming intrinsically remote.
Despite these
"aspects"
of today's emulsions, it is not uncommon for
the average and even above average film handler to experience the
unexpected "half
moon"
shape of higher or lower density on the
emulsion after tedious preparation to ensure perfect exposure and
development. This half moon nuisance, a result of an inadvertent
bend in the film or an over-powerful tweezer, is ironically a photo
graphic phenomenon that has never been fully characterized nor
satisfactorily explained. To quote Baetzold and Berry in "The
Theory of the Photographic
Process,"
(1977), "It does not seem
possible to choose among these mechanisms with the evidence now
available". This call for help addresses the fact that despite the
experiments, results, and explanations relating to this phenomenon,
a satisfactory theory of the half moon still evades the photographic
scientist. It is therefore the intent of this systematic study to
characterize and analyze the effects of mechanical stress and perhaps
develop a model based on dislocation theory to explain the stress
phenomena .
The phenomenon in which a high mechanical stress on the
emulsion, such as that experienced when the emulsion is sharply
bent, produces a spontaneous fogging in the unexposed area of the
film is called Kink Sensitization. Kink Desensitization on the other
hand is when the mechanical stress causes the emulsion to be less
sensitive photographically, i.e. creating a loss in the photographic
speed of the stressed area. These phenomena are visualized as
differences in optical density between stressed and non-stressed
areas of the emulsion. For example, X-ray films are indeed
susceptible to these phenomena due to its very large crystals. A
bending of this emulsion type before exposure can produce a differ
ence in optical density and introduce misinterpretations of the image
(Dupont Patent, 1966).
Kink Sensitization and Kink Desensitization are related to the
effects of mechanical stress on a photographic emulsion. Information
regarding the mechanical properties of the film base, gelatin, and
silver halide crystals, of which the crystals are of prime importance,
is necessary to characterize these effects. It is the intent of this
study to analyze the changes in the photographic sensitivity of
silver halide crystals in the emulsion, due to mechanical stress and
correlate these changes to the phenomenon of Kink Desensitization.
To correlate this phenomenon with the mechanical properties of the
film base and gelatin would be beyond the scope of this study.
Mechanical defects in silver halide crystals were shown by Seitz
(1951) and Mitchell (1951) to be a primary factor in the formation of
latent images. Defects, like dislocations, (see Section 2.1) can be
produced by mechanical stress, and appears to be a favorable loca
tion for the formation of the latent image (see Section 2.4). Some of
the previous studies to date related the effects of mechanical stress
to the formation of defects in the silver halide crystal, but the
reasons for this preferential location of the latent image still requires
extensive study. However, it seems that the role of dislocations,
which is a primary defect in a strained crystal (Cottrell, 1948;
Seitz, 1952; Mitchell, 1951, 1980; Sprackling, 1966) has not yet been
correlated with the emulsion stress effects with respect to the forces
associated with the dislocation.
Experiments on the effect of mechanical stress were stated as
early as 1931 when Poindexter found in his research that, "... the
application of pressure to a photographic emulsion prevents the
formation of a latent image to a remarkably large extent". Through
crude measurements, he found that desensitization increased with
greater stress. However he was not able to account for this "pres
sure
effect"
and no further discussion was attempted.
Further investigators continued from Poindexter's work, such as
BackstrSm (1950) and Ny Tsi-Ze (1953), all finding similar results,
yet offering different explanations. Their conclusions as to the
effect of stress were in terms of a decrease in interstitial ion move
ment due to stress. It is of this author's opinion that the explana
tion of desensitization phenomena was a result of conditions similar to
high intensity reciprocity failure as initiated by the Guerney-Mott
theory of latent image formation. However this explanation received
little support as subsequent investigations by Johnston (1955) and
Matejec (1966) showed that pressure on silver halide crystals pro
duces an increase in ionic conductivity (therefore an increase in
interstitial ion movement) due to an increase in the presence of
interstitial ions in stressed crystals.
However a beautifully conducted experiment by Hedges and
Mitchell in 1953 induced the first relationship between latent image
formation and defects (dislocation lines) in a silver halide crystal.
When suitably deformed silver bromide crystals were exposed to
light, the particles of photolytic silver formed beneath the surface
separated along the dislocation lines. In subsequent work by Jones
and Mitchell (1957) he again found that with exposure to light,
silver separated along the dislocation lines, which appeared during
plastic deformation, to form an internal image thus enhancing the
internal sensitivity. This first correlation between latent image
formation and dislocation lines occurred well after the formation of
dislocation theory, which was proposed by Taylor in 1934 and then
first utilized by Cottrel and Bilby in 1949. However, with respect
to silver halides, the preferential formation of silver along the
dislocation was not understood at the time.
In 1954, Faelens described the effects of stress in some photo
graphic emulsions. He explained surface desensitization and subse
quent internal sensitization of stressed silver halide crystals by
assuming the formation of new (and probably deeper) electron traps
in the interior of the crystal, under the influence of pressure. He
proposed that these traps are a result of the formation of intersti-
tials and vacancies generated by dislocation interaction. This
concept of interstitial ions and vacancy generation by dislocation
interaction is a concept upheld by physicists (Sprackling, 1976).
Kowaliski (1966) continued in the same vane from previous
works to repeat experiments in a reproducible manner, although not
quantifiably, relating to the type of fold in an emulsion accidentally
encountered in handling. He illustrated that as a result of stress,
the latent image is driven from the surface to the interior of the
crystal. Using a surface developer, which does not develop the
internal latent image, he showed a loss of sensitivity in stressed
crystals while an internal developr (after bleaching of surface
images) showed an increase in sensitivity. His explanation was that
stress caused the crystal to cleave, thereby allowing the chemical
sensitizer initially in the surface, to migrate through the cleavage,
to the interior, thus sensitizing it. It has already been demon
strated and accepted, that above a certain stress, silver halide
crystals deform plastically through glide, forming dislocations (see
Theory, Section 2.1), and that they do not cleave. Kowalski made
no mention of the concepts of plasticity or dislocation formation.
Although his cleavage theory does not agree with the experimental
results on the mechanical properties of crystals, his results are
nonetheless valid.
A further conflict of previous works is demonstrated in the
effect of aging and heat treatment (i.e. accelerated aging) of
deformed crystals. For the moment, aging will be defined as the
effect of allowing sufficient time of storage at a certain temperature
between the application of stress and exposure (see Section 2.3).
Faelens showed through heat treatment between stressing and expo
sure that the surface desensitization was decreased. He explained
this phenomenon in terms of diffusion of vacancies and interstials
formed by stress in the interior of the crystal back to the surface,
defining this as a "recovery effect". Recovery is a well defined
concept. It is the motion of dislocations under their stress in the
direction of minimum free energy (see Section 2.3), which is totally
different from Faelen's definition. This phenomena is very important
with respect to stressed silver halides and several factors play
important roles in the recovery and aging mechanisms. This study
intends to analyze the aging mechanism to possibly explain the role
dislocations possess in latent image formation.
Internal sites formed by stress are more competitive for the
formation of latent images than the surface sites. This was inves
tigated by Dautrich et al. (1973), in which the developability and
gold decorability of stressed silver bromide crystals in an emulsion
were analyzed. It was proposed that external and internal sensi
tivity centers resulting from stress acted as a latent image for the
developer. Although their results confirmed previous works, the
explanation was again different, and did not incorporate dislocation
theory to explain the phenomenon.
The most recent experiments on pressure effects on emulsions
were conducted by Herman et al. (1982) in which they concluded
that the intensity of exposure is the major factor in determining the
effect of stress on an emulsion. They concluded that "pressure
electrons"
formed from crystal deformation can create a latent image
and that the production of "new shallow electron
traps"
in the
interior of the stressed crystal, disperses the formation of the latent
image and subsequently accounts for the surface desensitization
phenomenon. The concepts of dislocation theory were not a con
sideration and in this view, no correlation between dislocation lines
and their interaction with latent image formation was attempted.
The literature survey conducted for this study indicates an
incomplete knowledge of the mechanisms of stress, the forces
involved in the strained regions of the crystal, and the interactions
that occur within a strained region. Correlations between the photo
graphic effects of stress and the forces associated with newly formed
dislocations have not been published to date. Therefore no reason
able estimate of this dislocation characteristic can be formalized.
Since dislocations have been ignored in studies to date, it is this
author's intention to introduce this once esoteric information to help
explain the photographic effects of stress.
In this study it was assumed that when the emulsion was
stressed above a certain point, the crystals were strained, thereby
producing new dislocation lines in the bulk of crystals. These newly
formed dislocations would perhaps create a preferential attraction for
latent image formation. These images would be lost in the interior of
the crystal and would not be detectable with a surface developer,
but could possibly be detected with an internal developer.
There-
fore, the assumed model in this study was that the effects of stress
on a photographic emulsion, i.e. a change in density, was due to
the formation of new dislocation lines in the strained crystals. The
task at hand was to conduct a series of experiments to establish the
effect of stress in this vane, and to demonstrate the importance of
dislocations for this model in the "Kink Desensitization" phenomenon.
To further establish this model, some determination of the attractive
forces associated with new dislocation lines to latent image formation
was required. This would help clarify the role of dislocations if
indeed it provided an attraction to image formation, by determining,
to some extent, the type of forces (elastic and electrostatic) asso
ciated with the dislocation.
The purpose of the experimentation was as follows:
1) To characterize and establish photographic stress phenom
ena due to axial stress. Analysis of the surface developability of
stressed emulsions should describe the phenomenon of kink densen-
sitization with respect to the changes in density as a function of
applied axial stress.
2) To analyze the internal developability of stressed emul
sions. This should establish the changes of internal sensitivity as a
function of internal defects, i.e. newly formed dislocation lines, as
well as clarify the surface densensitization. The intention would be
to demonstrate the change in location of latent image formation.
3) To analyze shifts in characteristic curves of the emulsion
due to axial stress. Exposure time will remain constant, however
the intensity of the exposing radiation will be varied through a step
wedge. This would further clarify the effect of stress on latent
image formation.
4) To include aging experiments for analysis of any changes
in desensitization with time. Aging is defined as allowing time at a
specific temperature between application of stress and exposure. It
is assumed that impurities will play a role in determining the
strength of the attractive force of a dislocation. Since the minimum
free energy of the crystal would be altered due to the formation of
dislocations with strain, the aging time, dislocation movement, and
impurity diffusion would allow the crystal to reach the equilibrium
state prior to deformation. It is assumed that this would affect the
location of latent image formation and thereby alter the effect of
stress in terms of a change in density.
5) To establish the activation energy for the aging process.
With respect to the proposed model, activation energy (A.E.) is
described as the energy required for impurities within a strained
crystal to overcome obstacles as it diffuses to the dislocation. The
calculated A.E., compared to the Cottrell and Bilby model (1949),
will help clarify which mechanism was predominant in recoverying the
crystal back towards the equilibrium state and in eliminating the
stress effect. This could also establish the forces associated with
the dislocation line and correlate this with the preferential attraction




2.1 Plastic Deformation and Dislocation Creation in an Ionic Crystal
It is assumed that the stresses on the emulsion subsequently
stress the ionic crystal. It has been shown that all materials,
including ionic crystals deform under an applied stress (Spackling,
1976). When the resultant strain, defined as the change (Al) in the
original length 1 of the crystal, i.e. Al/1, is small, a complete restor
ation in size and shape of the crystal occurs on removal of the
stress. This is defined as elastic behavior. When the strain is
large enough such that complete restoration is not possible when
stresses are removed, the material is plastically deformed. The
correlation between these strain regions and the loads or stresses




Figure 2.1. Stress-Strain Curve
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The point at which the maximum stress still allows complete
elastic behavior is known as the yield stress, or yield point, below
which the straight line portion of the stress-strain curve exists.
Therefore stresses below the yield point will produce little, if any
permanent effect on the structure of the crystal. However within
the plastic region, permanent deformation develops.
Sprackling (1976) defines three accepted mechanisms for plastic
deformation: glide (or slip), twinning, and kinking. Since our
concern is with silver halides which deform in a glide along the
<110> direction (NYE, 1949), further amplification of this mechanism
is required to understand the microscopic changes within a deformed
crystal .
Deformation by glide is in a direction corresponding to a
close-
packed row of like ions. Glide begins when the component of shear
stress in the glide plane reaches a critical value, which for our
purposes will be defined as the yield stress. Figure 2.2 shows
macroscopically how a sample compresses through a glide mechanism.
The permanent deformation is illustrated as a change in length, Al.
For the purposes of this study the sample can be considered as a
silver halide crystal under stress. Movement of the ions in a glide
plane does not, according to Taylor (1939), move simultaneously.
Due to the thermal vibration of the atoms and the mechanical
non-
uniformity of the
applied stress, the force required to shear the
plane is not equal at all points in the glide plane. This therefore
indicates that glide must occur by the consecutive slipping of ions
past each other, so that glide may




Figure 2.2. Sample Compresses Through Glide
plane. The slipping will result in one or more lines of dislocation.
This dislocation possess the ability to glide through the material
when stress is applied and by so doing, contributes to the plastic or
permanent deformation (Koehler et al. , 1947). This action thereby
relieves some of the stress on the crystal.
Figure 2.3 demonstrates the formation of a dislocation at one
face of a crystal, the center of the dislocation being illustrated as _L
and the glide plane as the horizontal dotted line. If the glide were
to occur through to the opposite end of the face as illustrated in
this figure, than the upper portion of atoms has slipped one
inter-
ionic distance over the lower portion. The interesting aspect of the
dislocation line (which can be visualized as a line perpendicular to
the page at the site_L ) is the extra half plane of ions above and a
dilated area of ions below. This asymmetric distortion of the lattice
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Deformation Through Dislocation Mechanism
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Figure 2.4. Stress Fields Round a Dislocation
The presence of dilated and compressed regions surrounding the
dislocation predicts an elastic force which Cottrell (1953) describes
in terms of an elastic stress field. Together, these elastic stress
energies increase the energy of the bulk crystal above the free
energy, the excess being associated with the dislocation site.
The actual generation of dislocations has been investigated by
Gilman and Johnston (1957) in which they demonstrated that disloca
tions can be formed in initially dislocation-free regions of a crystal
by concentrated loading of the surface. They found that the stress
required to generate dislocations was about equal to the stress at
which elastic behavior stops, in other words near the yield point of
the crystal. Gilman (1959) further showed that many dislocations
were in fact generated at microscopic inhomogeneities that acted as
"stress-raisers". This inhomogeneities can be existing glide planes,
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inclusions and impurity aggregates within the crystal. Dislocations
around inclusions and impurity aggregates were investigated in silver
halide crystals by Jones and Mitchell (1957), Parasnis and Mitchell
(1959), where they utilized photolytic silver to decorate the disloca
tion lines.
There is another type of force associated with dislocations aside
from the elastic stress field as described by Cottrell (1953). It was
shown by Seitz (1951) that electrical forces are also associated with
a dislocation line. These electric forces associated with the ions of
a silver halide crystal is a specialty not found in metals such as
iron, used by Cottrell. It is therefore assumed that electrical forces
also play an important role in the stress effect.
First of all, the deformation mechanism in silver halide crystals
was defined by Nye (1948, 1949) to be a
"pencil"
glide when
strained at room temperature. The glide surface is not along a
single plane, but rather wavy in nature in a direction of right
angles to the glide direction.
The electrostatic change can be induced on a dislocation by the
formation of a jog (Seitz, 1951). A jog is where a part of a dislo
cation lying in a certain crystal plane passes to an adjacent parallel
glide plane and is connected perpendicularly by a short length of
dislocation line. A half jog has a charge of e/2 and a full jog,
which is a buildup of two oppositely charged half jogs, is electrically
neutral (Sprackling, 1976). Dislocations can also be charged
through the migration of isolated vacancies or interstitials of charge
e within the dislocation line (Sprackling, 1976), or by the
intersec-
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tion of two dislocation lines, which produces a jog on each disloca
tion.
The results of charged dislocations is indeed important and
relates to the building of latent image centers (Seitz, 1951). Seitz
proposed that charged jogs on a dislocation line act as trapping
mechanisms for latent image building, by attracting interstitial silver
ions. It has been shown by ionic conductivity measurements that
the number of interstitial silver ions is increased in strained crystals
(Matejec, 1966; Johnston, 1955). This results in the formation of a
space charge of Ag- around a dislocation line due to adsorbed Ag.
(Heidiger et al., 1973).
Therefore it seems reasonable to assume that elastic and elec
trostatic forces associated with a dislocation line are influencing the
photographic stress phenomenon.
2.2. Dislocation Movement
The plastic deformation of the crystal takes place by dislocation
movement. This movement within the ionic crystal is generally
accepted in terms of the following two mechanisms (Sprackling,
1976). Movement may be represented by the cutting of the crystal
along the surface containing the
dislocation line. With this shearing
of one part of the crystal over the other (see Figure 2.2), i.e.,
dislocation glide, no material (i.e., vacancies or interstitials) need
be added or removed to effect the dislocation movement. Therefore
in a perfect crystal, the dislocation is free to move in the direction
of the applied stress, and the crystal will deform with minimum
stress application.
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The second movement is referred to as dislocation climb, where
motion of the dislocation is normal to its glide plane. Climb requires
the absorption or creation of vacancies or interstitials at the moving
dislocation line, which in essence requires a diffusion process of the
interstitials and vacancies (Sprackling, 1976).
2.3. Dislocation Interactions
As mentioned in the previous section, dislocations in a perfect
crystal can glide freely in the direction of the applied stress.
However in a non perfect crystal, obstacles can impede the movement
which can therefore change the mechanical properties of the crystal,
such as the yield points (Sprackling, 1976). The yield point can be
defined as the stress at which large numbers of dislocations start to
move (Cottrell, 1953). Obstacles that impede the movement can be
other dislocations, or point defects such as vacancies, interstitials,
or impurities. The presence of any of these obstacles would
increase the yield point, thereby making the crystal harder
(Cottrell, 1953). With respect to the model proposed in this present
study, dislocation interactions can have a direct effect on the stress
phenomenon in strained crystals. Certain dislocation interactions can
cause the annihilation of the dislocations. Therefore, if it is
assumed that in a strained crystal the latent images are attracted to
the dislocations, electrostatically or elastically, then the annihilation
of some of the dislocations would result in less internal sites for
latent images. Thus, given the time and temperature for this
annihilation to take place, the desensitization of a strained crystal
could be reduced.
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Other interactions will be discussed in terms of its importance to the
proposed model. Therefore dislocation interactions can be of two
types: dislocation-dislocation and dislocation-point defect (Sprack
ling, 1976).
1- Dislocation-dislocation interaction
Considering the associated elastic forces, dislocation-dislocation
interactions can be schematically represented as two dislocations











FIGURE 2.5. Elastic Dislocation-Dislocation Interaction
If the two dislocations ( ) are free to
move"
under their own stress,
then the elastic interaction force will cause them to take up positions
corresponding to a state of minimum free energy consistent with the
active glide planes. The consequence is represented in Figure
2.5(b), where the dislocations arranged themselves in a plane normal
to the glide plane. In the neighborhood of this dislocation wall, the
crystal lattice is bent sharply through small angles thus producing a
tilt boundary between two regions of the crystal differing slightly in
orientation. Recalling Figure 2.4, the dislocation wall arrangement
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(Figure 2.5(b)) is such that the tensile stress field is above the
compressive stress field. This is a more favorable position since
now the opposite stress fields are annihilated (Cottrell, 1953),
thereby reducing the free energy of the strained crystal, and the
number of active dislocation lines.
Several other mechanisms of annihilation have been proposed by
Cottrell and others, each of which involve the positioning of the
dislocation to achieve minimum free energy. It must be noticed
however that each of these processes is stress, time, and tempera
ture dependent. The following mechanisms have been proposed, as
illustrated in Figure 2.6:
a) the movement and mutual annihiliation of two oppo
site dislocations on the same glide plane;
b) the movement and climb of dislocations of opposite
sign on parallel glide planes, and their eventual
annihilation (Weertman, 1957);
c) the movement of dislocations of opposite sign on
parallel glide planes to a grain boundary and even
tual climb along the grain boundary to their annihil
ation (a grain boundary is an interface between two
regions of different ion row orientation (Blum,
1971); and
d) a minimum energy configuration of dislocations in an
annealed crystal whereby the migration of sub grain
boundaries lead to dislocation annihilation (Exsel
and Warrington, 1972).
In most of the above proposed mechanisms, the rate controlling
process is climb, which involves the
diffusion of interstitials and
vacancies (see Section 2.2) to the extra half plane of the dislocation.







(a) Dislocation Annihilation on the Slip Plane
(b) Dislocation Annihilation on Parallel Planes
I
(c) Dislocation Annihilation on Grain Boundaries
(d) Dislocation Annihilation on Sub-Boundaries Migration
Figure 2.6. Recovery Mechanisms
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stitials and vacancies, it is expected that climb will occur even at
low temperatures. Room temperature is considered a low temperature
for silver halides (melting point of AgCl is 454C (James, 1977)).
Therefore, these annihilation mechansims are expected to occur
(Kabler, 1963). These mechanisms are thereby considered in the
proposed model of this study.
2. Dislocation-Point Defect Interactions
The dislocation-point defect interactions involve both Frenkel
defects (interstitials and vacancies) as well as impurity ions within
the crystal. This type of interaction is important to the proposed
model in respect to latent image formation (see Section 2.1) and in
the aging process, which is assumed to involve diffusion of impuri
ties to the dislocation.
The interaction with Frenkel defects was investigated by
Bassani and Thomson (1952). They showed that positive ion vacan
cies are attracted to dislocations as a result of electrostatic and
elastic forces set up by the dislocation. Also, a vacancy can be
adsorbed into the core of the dislocation, thus producing a jog on
the dislocation. Thus, vacancies can cause a pinning of the disloca
tion, i.e., act as an obstacle to movement,
but probably are less
effective than impurities. In any case, this
interaction can lead to
latent image formation at the dislocation
(see Section 2.1). However,
it is assumed that the Frenkel
defects would not directly decrease
the minimum free energy of the
dislocation as would an impurity ion.
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This can be understood by describing the point defect as an impur
ity ion.
A solid and long standing theory of the dislocation-point defect
interaction has been proposed by Cottrell and Bilby (1949) in which
the theory was based on the segregation of carbon atoms in iron to
form atmospheres round dislocations due to elastic energies. How
ever the principles can be applied to silver halides. When a foreign
ion is placed substitutionally in a crystal it will probably be of the
wrong size and shape for the crystal structure. This will therefore
cause a dilation or compression, depending if the foreign ion is
oversized or undersized. A certain amount of work will have to be
done to accommodate this ion and this contributes to the potential
energy of this ion in the lattice. The potential energy for an over
sized ion for example will be smaller if the lattice is already dilated
and larger if the lattice is compressed. Such areas exist near a
dislocation, so that the energy of a foreign ion near a dislocation is
different from a similar foreign ion far away from a dislocation.
This difference is defined as the interaction energy (Cottrell, 1953).
As all things in nature, the foreign ion will wish to reduce its
free energy and adopt a position in the lattice with
the lowest
energy attainable. Under
certain conditions of time and tempera
ture, the impurity will diffuse to the dislocation, thus forming an
impurity atmosphere or cloud near the
dislocation (Cottrell, 1953).
This redistribution lowers the free energy of the crystal, which must
therefore be replaced if the surrounded dislocation is to move.
Hence the term impurity pinning aptly describes this process, since
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external energy is now required to break loose the dislocation from
its impurity cloud.
The pinning of dislocations by the formation of the impurity
cloud requires specific conditions:
1) the initial concentration of impurity atoms in the
bulk crystal, CQ, must be adequate.
2) the temperature must not be too low or too high.
3) time for the diffusion of the impurity to the disloca
tion site must be allowed.
4) the dislocation should be relatively stationary.
It is apparent that the above conditions will vary for different silver
halides .
Although impurity pinning of dislocations is important with
respect to dislocation movement, more important is the hypothesis
that the diffusion of impurities with time and temperature to the
dislocations can conceivably decrease the excess energy associated
with the dislocation. For example, an oversized impurity ion can
diffuse to the tensile area of the dislocation line (see Figure 2.3)
i.e., below the extra plane of ions , and reduce both its energy as
well as that of the dislocation. This would be a favorable location
with respect to minimum free energy for the impurity ion and the
dislocation. Thereby, the aggregation of several impurity atoms will
not only effectively pin the
dislocation as described by Cottrell and
Bilby (1949), but more importantly form
an impurity cloud near the
dislocation to reduce the free energy associated with the dislocation
and the strained crystal.
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Further evidence of the importance of impurity aggregation
around a dislocation in a strained crystal can be seen in the calcu
lation of activation energies of point defect diffusion to the disloca
tion lines. Experimentation conducted by Slifkin (1973) determined
the activation energies for diffusion of interstitials to dislocations to
be approximately 0.05 eV and for vacancy diffusion to be 0.27 eV.
On the other hand the activation energy for the diffusion of impurity
ions to dislocations in pure AgCl has been found by Kabler et al.
(1963) to be an average of 0.40 eV. This thereby indicates that
impurities require a much longer diffusion time to the dislocation,
than interstitials and vacancies. This present study examined the
relatively long time effect on the dislocation (i.e., one minute after
straining the emulsion) therefore automatically eliminating the shorter
time effect of interstitials and vacancies. Further to this, current
investigations by Shalitt (1981) indicate that impurities arrive at a
dislocation mainly due to elastic forces and has an activation energy
of about 0.42 eV for diffusion to the dislocation. Therefore, with
respect to the proposed model , aging experiments (i.e., allowing
time at a specific temperature between stressing the emulsion and
exposure) will allow analysis of the effect
of impurities on the stress
phenomenon .
This analysis can also be correlated with the Cottrell and Bilby
model (1949) which gives the relationship between the number of
solute atoms (in their experiment, carbon in iron) which arrive








= total number of atoms in solution in unit volume
a = constant
D = diffusion coefficient
A = measure of elastic interaction between dislocation
and impurity
k = Boltzman constant
T = temperature
This equation, based on the assumption that impurities are randomly
located within a crystal, indicates that the number of impurities that
arrive at a dislocation due to elastic force attraction is proportional
to (time) . This assumption was recently verified for silver chlor
ide, by Shalitt (1981), demonstrating that impurity diffusion in AgCl
crystals followed the Cottrell and Bilby model. Therefore, further
to determination of activation energy of the aging process, this
study will utilize the Cottrell and Bilby model to analyze possible
impurity aggregation at a dislocation.
2.4. Kink Densensitization
The previous topics of this chapter dealt with the physical
theory of dislocations, it's
formation and interactions. It is the
intent of this section to relate this theory with silver halides that
have been strained, and analyze the photographic effects of stress
with dislocation theory in mind. It is assumed that the
develop-
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ability of a photographic emulsion is greatly influenced if its crystals
are plastically deformed through mechanical stress. In many cases,
developability is decreased in a stressed area of an emulsion, giving
what is known as pressure induced desensitization or simply kink
densitization .
In other cases, developability is increased and is known as
pressure induced sensitization. This is not to be misinterpreted
with pressure induced fog which can be observed without exposure
(Hermans et al., 1982).
The various methods and manipulations of investigations con
ducted by authors in previous years has resulted in many different
observations and therefore different interpretations of the mechan
isms of pressure effects (see Introduction). The question of the
role of dislocations during the formation of a latent image in a
strained crystal has not been extensively examined, nor has impurity
aggregation at dislocations and its subsequent effect on the
developability of the strained crystals in an emulsion.
Crystals within a gelatin emulsion that have been mechanically
stressed (and therefore assumed to be plastically deformed), then
exposed and developed in a surface developer (containing no silver
halide solvents), show a decreased density in the stressed area
compared with the developed density of the non-stressed area.
Kowalski (1966) clearly demonstrated, through the use of surface
and deep internal developers, that the loss in optical density in the
stressed area developed by a surface developer, corresponded to an
exact opposite increase in optical density in the same stressed area,
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developed by a deep internal developer. In other words there is an
increased internal sensitivity at the expense of surface image forma
tion.
Latent image formation has been shown by Mitchell (1980) and
Seitz (1952), to be greatly affected by the presence of new disloca
tion lines in a plastically deformed crystal. The new dislocation line
appeared to be a favorable site for latent image formation since
Mitchell's and Seitz's experiments demonstrated photolytic silver
decorating newly formed dislocation lines in the bulk crystal.
Dislocations within a silver halide crystal can also occur during
the growth of the crystal due to the mechanical strain (Baetzold and
Berry, 1977). The number of dislocations found in emulsion crystals
is ordinarily small, 5-10 intersecting each crystal face. However,
these dislocations are considered
"aged"
in a sense that through
dislocation interactions, the free energy (electrostatic and elastic)
has been minimized. Therefore, it maintains little or no effect on
latent image formation (Mitchell, 1980). There must be a distinction
between new dislocations that are recently formed through plastic
deformation of the crystal, and aged dislocations (Mitchell, 1980).
It is therefore assumed, in this study, that applied stress
produces new dislocations inside the silver halide crystal of the
emulsion. These dislocations are a preferential site for latent image
formation due to the elastic and electrostatic attractive forces asso
ciated with these dislocations (see Section 2.1). These attractive
forces can be further understood through aging experiments con
ducted on stressed crystals.
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Heat treatment (i.e., accelerated aging) experiments conducted
by Faelens (1954) showed a decrease in internal sensitivity of
strained crystals when aged between stress application and expo
sure. His explanation was that the internal sensitivity, as a result
of internal imperfections from applied stress, was reduced as a
result of partial annihilation of these imperfections during heating.
This brings to light the concept of recovery which was previously
defined in this chapter as dislocation motion under their own stress
toward minimum elastic energy. Another concept which was
previously defined in this chapter is impurity pinning of dislocations
(see Section 2.3). This also has the effect of reducing the elastic
energy of the dislocation. It would therefore stand to reason that if
impurities were to diffuse to the new dislocation if allowed sufficient
time and temperature, the internal sensitivity of the stressed silver
halide crystal would be reduced. Also, since the impurity diffusion
to a dislocation occurs as a result of elastic force interaction,
(Shalitt, 1981) this process of reducing internal sensitivity would
help clarify the effect that newly formed dislocations would have on
latent image formation. Therefore, theoretically it is proposed in
this study that the role of dislocations in latent image formation is a
direct result of elastic energies associated with the dislocation.
Also, impurity diffusion to the dislocation causes a decrease in the
free energy of the dislocation, thus minimizing its effect on the
latent image formation.
The parameters used in this study to correlate the effect of
dislocation and aging on the sensitivity of a
photographic emulsion
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will be the change in optical density, AD, between a stressed and
nonstressed emulsion after the same exposure and development. The
AD parameter of analysis aside from its simplicity, gives the most
relevant indication of dislocation effect, as well as on the effect of
aging, and thereby aid in the characterization of the effects of
mechanical stress on photographic emulsions.
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CHAPTER III
MATERIALS, EQUIPMENT AND EXPERIMENTAL TECHNIQUES
The intent of this study is to fully describe the materials,
equipment and experimental techniques utilized to characterize and
analyze the stress phenomena. Most of the commercially available
equipment had to be modified to suit the purposes of this study, and
special tools had to be manufactured. The techniques of preparing
and stressing the emulsion are fully described as well as the chem




The choice of the emulsion type was critical in this study. The
emulsion had to clearly identify the desensitization phenomenon,
using the special processing
techniques. A largely surface sensi
tized emulsion was preferred to ensure that the competitiveness
between the surface and interior sites of image formation would be
enhanced. The crystals had to be susceptible to plastic deformation
therefore large size crystals was preferred. Hermans et al. (1981)
found in their study that iodobromide
type emulsions demonstrated
the greater stress effect (i.e., desensitization) as compared with
chlorobromide type. Also, commercially available emulsions were
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preferred in light of their ready access and consistent uniformity of
structure. And finally, in consideration of the time constraint for
this project, one emulsion type with the above pre-requisites had to
be selected to fulfill a complete analysis rather than several emul
sions for partial analysis.
These iodobromide emulsions were initially tested for desensiti
zation due to stress: Kodak emulsion types Plus-X, Tri-X and
Royal-X Pan. Of these, the Royal-X Pan demonstrated the largest
stress phenomenon while the Tri-X and Plus-X did not show any
effect under these testing conditions. It is assumed that the larger
crystal size of the Royal-X Pan emulsion were more susceptible to
plastic deformation via axial stress than the smaller crystals of the
other two emulsion types. Therefore, the Kodak Royal-X Pan emul
sion type (Batch Number 46-033-51) was chosen for this study.
b) Developer Chemistry
The two developer formulas, surface and deep internal, were
based on the formulas obtained through a study of latent image
distribution by Berg et al. (1941) and through a study by James







(Eastman Kodak Lot No. A9F)
Sodium carbonate monohydrate
(Choral & Dwight lot. no. KSG-489)
Potassium bromide
(Mallincroft lot no. KMCB)






Due to the high susceptibility of this developer formula to aerial
oxidation, the developer was stored in a sealed container in a nitro
gen gas atmosphere.
Table 3.2
Deep Internal Developer Formula
Bleach (to bleach surface latent images)
Potassium dichromate
(Allied Chemical lot no. KDCR)
Con sulphuric acid
(MCB Reagents lot #SK1244)
Silver nitrate crystals
(no lot no. available)
Distilled water to make
Developer
Potassium iodide
(no lot no. available)









The initial testing of film types for stress phenomenon analysis
required a method of kinking or sharply bending the film, with
relative consistency, for comparison purposes. A handy tool for this
requirement was a simple sheet of stainless steel, bent into a wedge
shape at an angle of approximately 10.
Figure 3.1. Wedge Tool to Kink Film
The film strip of approximately
3V4"
in length was wedged
comletely into the frame for 15 seconds. The emulsion faced away
from the wedge surface to prevent scratching.
The equipment utilized to apply the stress on the photographic
emulsion was very crucial to the success of this study. It had to
fulfill the following functions:
1) Provide completely uniform and accurate stress applications
on the film. The film support platform and the surface applying the
stress on the film had to be highly polished to prevent any scratch
ing, and had to be of a very hard material to withstand the high
pressures ;
2) Provide accurately, pressures typically between
50 and
2000 kilograms per square centimeter (Faelens, 1954); and
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3) Provide easy and safe handling while the operator was in
total darkness.
Through some modifications, all of the above criteria were
fulfilled by one apparatus. The Dillon tensiometer (model no. L-2,
serial no. 0856) modified for compression, was utilized to compress
the film. With calibrated dynamometers of varying scale, up to nine
thousand pounds of force was available for accurate pressure
measurement (see Figure 3.2).
An I-beam made of steel was used to fill in the extra space of
the compression compartment and as well supported the film platform.
The film platform supported the film as it was being pressed. Made
of hardened steel, it was polished using aluminum oxide suspended
in an oil solution, to within a one one-thousandth of an inch
flatness. This surface ensured that the emulsion was not scratched
during compression to yield erroneous optical density measurements.
Two special tools were designed and manufactured through the
resources of "Hi-Qual
Tool"
machine shops of East Rochester, New
York. These tools, connected to the upper portion of the compres
sion cage with a flattened ball bearing, were in direct contact with
the emulsion side of the film during compression. The exact size of
the compression area was predetermined so that the exact stress (in
kg/cm2) on the film was known, through the reading on the
dynano-
meter. The compression bar, shown in Figure 3.3(a), was utilized
to stress a strip 0.3 cm wide and 6.1 cm
long. This would allow
enough width to measure densities on a Macbeth densitometer with
















Figure 3.2. Schematic Representation of Compression Cage of Dillon
Tensiometer
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imaged sensitometric strip on the film. The surface in contact with
the film was polished and the taper design was to avoid bending the
compression bar around the ball bearing. This prohibited a non
uniform stress along the length of the bar.
The second tool was the compression square shown in Figure
3.3(b). This gave a smaller stressed area for single exposure
measurements of stress effects. Again the surface in contact with
the emulsion was polished and flat, and as well the compression
square was machined from hardened steel.
Figure 3.3(a). Compression Bar (Actual Size)
6)
Figure 3.3(b). Compression Square
The ball bearing mount was used to align the compression tools
with the film platform. It ensured that these two
surfaces were in
parallel contact with the film, regardless of any slight misalignment
of the compression cage. The
ball bearing is also made of a very
hard material and has a flat polished
side of an approximate area of
0.15 cm2. This avoided slippage
of the compression tools during the
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stressing of the emulsions. A hemispherical hole in the top plate of
the compression cage allowed for rotation and parallel alignment.
A list of other standard equipment utilized in this study is
shown below:
1) Eastman Kodak Process Control Sensitometer
Model 101 Serial number 856;
2) Macbeth TD504 densitometer;






4) Precision Scientific Furnace with Variable
Temperature control (temperature variation 0.5C)
5) Refrigerator/Freezer (temperature variation 1C)
3.3. Experimental Technique
a) Calibration of Dynanometers
Two dynanometers of different load scales were used for the
measurement of stress unto the film;
Dyno #1: 0-250 lbsF in 5 lbF increments
Dyno #2: 0-10,000 lbsF in 50 lbF increments.
Calibration was accomplished using a Tilius Olsen tensile tester, floor
model. Each of the dynanometers were attached to the tensile tester
and load readings from the dynanometers were composed to the

































Figure 3.5. Calibration Curve for 10,000 lb. Dynomometer
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calibration curves were produced for each dynanometers, and accur
ate stress readings were thereby reproducible (see Figures 3.4 and
3.5).
For example, if a stress of 2000 kg/cm2 was desired on a piece
of film using the compression square, the following calculations were
required :
Pounds = Stress (^2-) x Area of Compression x ^
Required Required cm2 tool (cm2)
= 2000 kg x 0.20 cm2 x 2.20
= 891.9 = 892 lbs.
This value was then used to obtain the calibrated dynanometer
value from Figure 3.5; using the Tileus Olsen calibrated value as
892 lbs. The calibrated dynanometer value used to obtain a
2000 kg/cm2 stress with the compression square would be 1010 lbs.
Similar calculations were made if the compression bar was required.
For compressions to 500 kg/cm2, the Dyno #1 was used with the
compression square and for stresses up to 2500 kg/cm2, Dyno #2 was
used with the compression square. Dyno #2 was used for all
compressions with the compression bar.
b) Preparation of Emulsion for Stress
The Kodak Royal-X Pan emulsion was purchased in 120 rolls of
8, 10, 12 or 16 exposures.
Due to the extreme sensitivity of this
film, all handling was
accomplished in total darkness. Strips were
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cut into specific lengths dependent on the intent of analysis; to
analyze shifts in characteristic curves due to stress, the lengths
were approximately 14 cm long and the strips for change in density
versus stress/measurements) were approximately 6 cm in length.
For experiments other than the temperature effects on aging, the
strips were stored at room temperature (24C 2C) in a light-tight
container until required.
The width of each of the strips (6.1 cm) allowed for perfect
center alignment under the compression tool by utilizing the centered
base platform as a guide (see Figure 3.2). This method of alignment
allowed the subsequently exposed area to be satisfactorily centered
around the stressed area.
c) Initial Testing of Various Films for Stress Phenomenon
The initial testing of film types (Eastman Kodak emulsions types
Plus-X, Tri-X and Royal-X Pan) for stress phenomenon required a
method of kinking or sharply bending the film relatively consistently
for comparison purposes. The relative softness of the silver halide
crystals compared to the hardened gelatin (Kowaliski, 1966) allows it
to be plastically deformed by bending the emulsion past a certain
bend angle (Kowaliski, 1966). The device illustrated in Figure 3.1
was utilized to bend or king each of the test film strips. These
strips were cut into lengths of approximately 10 cm and were then
wedged into the device, emulsion away from the device, for 15 sec
onds. This time of 15 seconds for stress application
seconds was
used throughout the experimentation
of this study. Faelen's (1954)
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investigation showed that 15 seconds of stress provided the maximum
effect. Exposure to yield a density value of approximately 0.80 in
unstressed area followed one minute after kinking. The strips were
then developed in the surface developer (see Section 3.3(d)) for 5
minutes at 20C 0.5C. After the processing and drying, the
strips were examined for any visual changes in density in the kinked
area. Visual inspection was considered adequate since the density
change had to be great enough to allow for more precise examination
with a densitometer, once more precise stress applications were made
with the Dillon tensiometer. The relatively crude technique allowed
for a quick and accurate determination of which emulsion type demon
strated the greatest stress phenomenon. For absolute stress mea
surements however, a machine like the Dillon tensiometer is essen
tial.
d) Surface and Deep Internal Development Process
Surface development (see Table 3.1) of the emulsion required a
formulation of a developer without silver halide solvents. The devel
opment process for surface latent images indicated through variation
of density, the changes in location for latent image formulation. The
process was as follows:
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Surface Developer 5 min tray development
pH = 9.840 at 20C at 20C 0.5C, agitation
every 30 seconds
Acetic Acid Stop Solution 45 sec at 20C, constant agitation
F5 Fixing Solution 8 min at 20C; agitation
every 30 sec
Hypo Clearing 4 min; constant agitation
Wash 5 min running water
Photo Flo 30 sec
Constant temperature was controlled by development in a water
bath held at 20C 0.5C. A development time of 5 minutes
ensured uniform development and density of exposed film, with
minimum base plus fog.
The surface developer formula was modified from the surface
developer cited in a paper by Stevens (1951). Variations in the
amount of sodium carbonate allowed enough variation in pH to result
in minimum base plus fog of a developed film. For the Royal-X Pan
emulsion, 15 grams of sodium carbonate monohydrate per liter
resulted in a base plus fog of 0.31. This was compared to the
recommended development in DK50 by Kodak process sheet from
which a base plus fog density of 0.27 was attained. However due to
a subsequent decrease in buffering action, and high susceptibility to
aerial oxidation, the surface developer was used only once and then
discarded .
Development of internal latent images was not quite as straight
forward. The literature surveyed for the stress phenomena was
vague in development procedures, developer formulas and processing
44
times. Differences in emulsion type was obviously an important
consideration. Skeleton formulas for bleaches and deep internal
developers were obtained from studies by Berg et al. (1971),
Stevens (1951) and James (1963). The chosen concentrations of each
chemical were a result of control tests to ascertain the degree of
separation between internal and external images that can be obtained
with the solutions and process. The control tests involved plotting
characteristic curves for sensitometric strips which have been
treated for a standard time in a series of bleaching solutions and
internal developer solutions. The process involved the following
steps :
a) WASH: for 10 minutes with running water (20C)
b) BLEACH: for a specified time at 20C 0.5C
c) WASH: for 10 minutes with running water (20C)
d) DEVELOP: for 10 minutes at 20C 0.5C with internal
developer
e) STOP: acetic acid stop bath for
45 seconds
f) FIX: in F5 fixing solution for 8-12 minutes
g) HYPOCLEAR: for 5
minutes
h) WASH: for 5 minutes with running
water
The bleach formula (see Table 3.2) required a small amount
of
silver nitrate salt to eliminate any
free bromide during the bleaching
process that might destroy any internal latent
images by hole bleach
ing (Stevens, 1951).
The two wash steps prior to the development
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step allowed for consistent developed density by swelling the emul
sion prior to the bleach step thereby preventing uncontrolled bleach
attack on the crystal (Stevens, 1951).
The action of potassium iodide in a developer solution is not
completely understood, however according to James (1963), the
iodide agent tends to "crack" open the crystal or promote recrystal-
lization thus allowing the development of the internal images.
Therefore potassium iodide was used in a conventional DK50
developer for internal development.
The control tests resulted in a series of characteristic curves
shown in Figure 3.6.
The temperature of all solutions used in the process was main
tained at 20C. The characteristic curves (A through F) represent
the control tests on Royal X Pan emulsion, and are described as
follows :
A) NO BLEACH; DK50 conventional developer for 5 min.
B) NO BLEACH; surface developer for 5 min.
C) 5 min BLEACH (with 0.5 g/1 AgN03); surface developer
for 5 min.
D) 8 min BLEACH (with 0.5 g/1 AgN03); surface developer
for 5 min.
E) 8 min BLEACH (with 0.5 g/1 AgNOO;
internal developer
(0.5 g/1 KI) 10 min.
F) 9 min BLEACH (with 1.0 g/1 AgNOo);
internal developer
























From these control tests, the development schedule of curve F was
chosen (a more detailed analysis of the selection is found in Chap
ter 4).
e) Aging and its Temperature Effects
As previously discussed (Chapter 2) aging the crystals between
the application of stress and exposure at various temperatures allows
the dislocation to tend toward a state of minimum free energy by
annihilation and/or impurity aggregation. This process will help in
the determination of the forces associated with the dislocation and its
role in latent image formation. It must be remembered that the
vacancies and interstitials arrive at a dislocation line within a few
seconds after the crystal is plastically deformed (see Chapter 2,
Section 2.3). Therefore the minimum aging time was chosen as one
minute to allow consideration for only annihilation mechanisms and
impurity aggregation. Also it allowed enough time to operate the
stress machine with consistent aging time.
Aging tests were conducted at room temperature (24C 2C)
with the strips stored after stress in a sealed container for a spe
cified amount of time.
The strips were then exposed with the sensitometer and
developed in a surface developer immediately after. Aging at other
temperatures required the usage of an oven and a refrigerator/
freezer. The oven temperature was maintained at 45C 0.5C while
the refrigerator compartment was at 4C 1C and the freezer
compartment at -24C 1C. The strips were individually stored in
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plastic sealed containers commonly used for 135 mm rolls of film, for
a specified amount of time. Subsequent analysis involved determina
tion in the change of density between stressed and nonstressed
areas of the emulsion using a densitometer.
Since all of the analysis throughout this study resulted through
stressing at
24
C 2C and development at 20C, care was required
where emulsions were stored at higher or lower temperatures.
Before the aged strips were exposed and developed, the temperature
of the emulsion had to stabilize at a minimum time to near room
temperature conditions. Otherwise it would be conceivable for an
emulsion stored at -24C and immediately after removal was exposed
and developed, that the developed density would be less than an
emulsion stored at room temperature. Hence an experiment was
conducted to determine a minimum time to room temperature condi
tions. The results are tabulated and represented as follows
Table 3.3















emulsion stored at R.T.
Time Between Removal
to R.T. and Exposure
(minutes)
Figure 3.7. Temperature Stabilization Time
Therefore each strip not stored at room temperature was allowed




4.1 Change in Density with Stress
The two major areas of the stress-strain curve (Figure 2.1) of
any material is the elastic region and the plastic region (Cottrell,
1953). In this study, it is assumed that the effects of stress occur
as a result of plastic deformation of the strained crystal, hence the
plastic region is of interest. The production of new dislocations
with all of
its'
associated forces, i.e. elastic and electrostatic, occurs
in general in the plastic region, the start of which is marked by the
yield point. This value is associated with the resistance to disloca
tion creation
and'
motion through the crystal (Sprackling, 1973).
Hence a concern of this study is the effect of dislocation creation on
the developability of strained crystals.
This experiment involved stressing a strip of emulsion for 15
seconds at specified values with the compression square on the Dillon
Tensiometer .
The strips were 2 inches in length and were aligned and
centered in the compression cage on top of the platform (Figure
3.2). This ensured that the stressed area was centered on the
strip. It was then aged for exactly one minute at room temperature
(see Section 3.3(e)) prior to exposure. The strip was then
uniformly exposed with
the sensitometer at an exposure equivalent to
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log H of -1.77. This yielded a density value of 0.85 in the
unstressed part of the film with a surface developer. It was
assumed that the stress effect would be more prominent in the
straight line portion of the characteristic curve, therefore this
exposure of log H = -1.77 would result in a density near the center
of the straight line portion.
Exposure was immediately followed by surface development
(Section 3.3(d)) and measurements of the resulting density were
acquired with the Macbeth densitometer. The developed density of
the unstressed portion of the film had to be within 0.03 or the
strip was discarded and a new one processed.
The stress effects are seen in Figure 4.1. The yield point is
2
assumed to be 400 kg/cm . Below this value, there was no differ
ence in density between stressed and unstressed areas of the
emulsion. Hence, it is assumed that there was no creation of dislo-
2
cations within the strained crystal below 400 kg/cm . This yield
point value is significantly higher than those obtained by previous
authors in determining the yield stress of silver halide crystals.
2
Their values were between 12-24 kg/cm for pure crystals and
2
greater (20-100 kg/cm ) for impure crystals (Shalitt, 1981). It
would therefore seem that this higher yield point value is a result of
gelatin
"cushioning"




Change in Density (AD) with Stress
















































The region between 600 kg/cm and 2500 kg/cm indicates a
straight line relationship with the change in density. This relation
ship is in agreement with the studies by Poindexter (1931), Nye
(1933) and Backstrom (1950). At higher stress values, the change
in density reaches a peak value of AD
= 0.16 at 3500 kg/cm2, after
which further stressing results in fogging around the perimeter of
the stressed area, i.e., the density of the stressed area at the
perimeter is now higher than the non-stressed area. It would seem
that the gelatin at this perimeter is cracking thus exposing the
crystals to direct development with the surface developer (Kowaliski,



























































Therefore due to the large error and inconsistency caused by this
fogging, measurements were not taken in this region.
This experiment was conducted using a single exposure value.
To study further the exposure effects due to stress, shifts in the
characteristic curve would have to be analyzed, and therefore the
following experimental study was conducted.
4.2 Shifts in Characteristic Curve Due to Stress
Similar techniques of experimentation to those of the previous
section were conducted here. However, the exposure was varied
with a step wedge of 0.15 density increments. A strip of the emul
sion was stressed with the compression bar such that step 9-19 of
the step wedge would have both a stressed and unstressed area.
Exposure was accomplished with a sensitometer one minute after
stress application. The results are shown in Table 4.2 and
Figure 4.2.
The results show that in the straight line portion of the char
acteristic curve, the desensitization, noted as AD, is constant with
exposure. More accurately since the sensitometer maintains a con
stant exposure time of 0.20 seconds, variation of the intensity seems
to have no effect on the change in density with stress. This there
fore indicates that single exposure value
measurements conducted
anywhere along the
straight line portion of the characteristic curve
above a density of 0.6 would yield exactly
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4.3 Changes in Surface Sensitivity Due to Stress
From the resultant shifts in the characteristic curve, the rela
tionship between the change in surface sensitivity of the emulsion
versus stress can be examined. The results tabulated in Table 4.3
and shown in Figure 4.3 clearly illustrate the desensitization pheno
menon. Sensitivity of speed calculation were taken at two different
values of density. Exposure at 0.7 over base + fog and at 0.1 over
base + fog where chosen to characterize the region of constant AD
with stress in the straight line portion and the region of varying AD
with stress in the toe region, respectively.
4.4 Internal Development of Stressed Emulsion
It was assumed that the desensitization phenomenon introduced
in the previous sections was a result of a loss of surface latent
images on the stressed crystals. The next step would be to analyze
the location of these lost latent images. It was assumed that there
are two possibilities. The lost images were now internal latent
images developable by a deep internal developer (Kowalski, 1966;
Faelen, 1954) or the latent images were dispersed
to many sub-latent
images due to the presence of dislocations in the strained crystals.
This experiment therefore involved the use of a deep internal
developer on emulsions stressed and exposed in the exact
same
manner as in the previous analysis with the
surface developer. The
internal developer formula and































































































o o O O O O
o o o o O O
CO o CM LO O LO





























































































The choice of internal development process was based on the
control tests described in Section 3.3(d), and illustrated in Figure
3.6. Curve D seems to indicate that an 8 minute bleach satisfac
torily destroys most of the surface latent images. However internal
development (shown as curve E) still shows higher density than
curve D. An increase in bleach time was therefore attempted (with
a necessary increase in AgNOg (James, 1963)). Subsequently curve
F shows the result of internal development and the procedure asso
ciated with this curve was chosen for analysis of internal images.
The concentration of KI in the developer seemed to regulate the
base plus fog level. This is in agreement with the studies by James
(1963). With 1.0 g/1 KI in DK50 developer, the base plus fog level
(0.30) was similar to the level attained with conventional DK50 (0.27)
and the surface developer (0.30). Similarity in fog density levels
was chosen as the criteria for KI concentration. At higher concen
trations, fog images are either reburied or isolated from the silver
halide (James, 1963).
An exposure step wedge was first utilized to image a sensi
tometric strip unto the stressed and non-stressed areas of the emul
sion. Exposure range was the same as that used to characterize the
desensitization. The internal developer revealed no change in
density between the stressed and non-stressed areas. This there
fore indicated that there were no extra latent images in the interior
of the stressed crystals compared with unstressed crystals. Two
stress levels were used; low stress of 800
kg/cm2 and a high stress
of 2000 kg/cm2. Since it was possible that a dispersion of the
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internal image resulted in non-developability of the interior latent
images, a subsequent increase in intensity of exposure was then
analyzed .
By decreasing the neutral density filtration, new stressed emul
sions were exposed and then internally developed. This time the
stressed area demonstrated a higher density than the non stressed
area. Table 4.4 and Figure 4.4 illustrate the findings. Direct
correlation between surface and internal development of stressed
Royal-X emulsions is shown in Figure 4.5. It indicates that at
higher exposure values, there is enough intensity to result in stable
and developable internal latent images. However, in the region
where desensitization of the surface is predominant, internal sensi
tization is not noticeable with this interior development technique.
Table 4.4
Internal Development of Stress Emulsions
Density Values of Stress Emulsions
Step Log H 0
kg/cm2 800 kg/cm2 2000 kg/cm2
21 .40 0.54 0.67 0.74
20 .25 0.50 0.59 0.68
19 .10 0.47 0.52 0.60
18 -.05 0.43 0.49 0.55
17 -.20 0.40 0.45 0.50
16 -.35 0.38 0.42 0.45
15 -.50 0.35 0.38 0.40
14 -.65 0.34 0.36 0.37
13 -.80 0.33 0.34 0.34
12 -.95 0.32 0.33 0.33
11 -1.10 0.31 0.32 0.32
10 -1.35 0.31 0.31 0.31
9 -1.50 0.31 0.31 0.31
























































































































































































There is a slight overlap between log H values of -0.60 and -0.90
that indicates an internal sensitization due to a surface desensitiza
tion at a stress of 2000 kg/cm2.
At exposures higher than the equivalent of log H of -0.90,
surface desensitization is not noticeable, however internal sensitiza
tion begins to increase. At values below log H of -0.90, there
seems to be a dispersion of the internal silver atoms thus producing
images that are not developable.
The high and low stress levels were utilized to examine whether
the number of dislocations had an effect on the dispersal of radiation
produced silver atoms. At low stress levels, it was assumed that a
smaller number of dislocations, hence, a smaller preferential attrac
tion, is produced compared with higher stress levels. The data
seems to indicate that at both high and low stress levels, dispersion
seems to take place.
It should be noted that these two methods of analysis (surface
and deep internal) of latent image location is at best a semiquantita
tive procedure (James, 1963). The densities obtained cannot be
directly compared, due to different development actions. The sur
face developer is a chemical development process, while the internal
developer, due to the presence of sulfite tends to be more of a
physical developer. Hence, a variation of covering power leads to
only a semiquantitative
analysis (James, 1963). However, for the
purposes and objects of this study, this method was deemed ade
quate for desensitization analysis.
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4.5 Effects of Aging on Shifts in Characteristic Curves
The result of aging a strained crystal at a specified tempera
ture is to allow the crystal to attain a reduction in free energy
either through annihilation process or impurity aggregation or a
combination of both (see Chapter 2, Section 2.3). It is assumed
that the aged dislocation in the strained crystal will be less active in
attracting latent images (Mitchell, 1980) and therefore allowing more
surface images to form. Hence this would result in a decrease of AD
with aging time.
The initial step was to conduct the aging experiment at room
temperature utilizing a strained sensitometric strip. A stress of
2000 kg/cm2 was used for this part of the experiment. All develop
ment was conducted with a surface developer. The results are
shown in Table 4.5 and Figure 4.6. The data on each of the aging
times was obtained through two separate stress/recovery/exposure/
development processes on the emulsion strips. Each strip was first
stressed with the compression bar and then allowed to age at room
temperature (in the dark in a sealed container) for a specified
amount of time. The strip was then exposed with the sensitometer
and then developed immediately in the surface developer.
It is evident from this experiment that aging takes place at
room temperature. Also, the effect on AD is constant within the
straight line portion of the characteristic curve. Therefore, it is
assumed that an annihilation of dislocations and/or impurity aggre














































































































Aging at 24C 2C of Stressed
Sensitometric Strips at 2000 kg/cm2
AD @ Aging Time (minutes : seconds)
8580:00
Step log H 1:00 2:43 7:43 120:00 (143 hours)
17 -1.36 0.12 0.10 0.06 0.03 0.02
16 -1.51 0.12 0.11 0.06 0.03 0.02
15 -1.66 0.12 0.10 0.06 0.04 0.02
14 -1.81 0.12 0.10 0.06 0.05 0.02
13 -1.96 0.12 0.11 0.07 0.04 0.02
12 -2.11 0.12 0.11 0.07 0.04 0.02
11 -2.26 0.10 0.10 0.06 0.04 0.02
10 -2.41 0.05 0.05 0.05 0.04 0.02
9 -2.56 0.03 0.03 0.04 0.03 0.01
8 -2.71 0.00 0.00 0.01 0.01 0.00
7 -2.86 0.00 0.00 0.00 0.00 0.00
6 -3.01 0.00 0.00 0.00 0.00 0.00
To further investigate the aging phenomenon, the changes in
density, AD were correlated with aging time.
4.6 Aging at Room Temperature (24C 2C)
The purpose of this study was to further analyze the aging
phenomenon of strained crystals at room temperature. After stress
ing to 2500 kg/cm2, each emulsion strip was aged for a specific
amount of time and then exposed at an equivalent exposure of
log H = -1.77 utilizing the Kodak model
101 sensitometer. Develop
ment followed utilizing the surface
developer. The difference in
density between the unstressed
and stressed portion of the emulsion
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Figure 4.7 shows a rapid decrease in surface desensitization
within the first two hours of aging and then a slow decrease
prevails. Since the minimum aging time for each test was one
minute, this would seem to eliminate any vacancy or interstitial
aggregation around dislocations. These two mechanisms would have
occurred in much shorter times than one minute (see Chapter 2,
Section 2.3). It would be therefore reasonable to assume that dislo
cation annihilation/impurity aggregation action is affecting the





























thereby provides less of a preferential attraction to the formation of
latent images at the dislocation.
The shape of the aging mechanism curve is an exponential type
curve. Therefore, this seems to indicate an exponential decay of
desensitization (AD) with time. A plot of AD versus In TIME was
made to analyze this decay mechanism.
Table 4.7
Change in Density versus in Time



























Figure 4.8 shows that the plot of AD vs. In Time is a straight
line relationship thereby proving
that the decay of AD with time is
exponential in nature. Using a simple linear regression method of
analysis (Section 4.10) the slope of the straight line plot was -0.013.
This relationship can be further
analyzed with the Cottrel and Bilby

































4.7 Effect of Aging Time: Correlation with Cottrell & Bilby Model
The Cottrell and Bilby model (1949) proposes an exponential
relationship between the number of impurities pinning a dislocation
and the time of their arrival (Section 2.3). In this study, it was
assumed that the change in density, AD was somehow proportional to
the number of impurities arriving at a dislocation (see Discussion),
which is proportional to (time)2/3, according to their model.
Therefore a plot of log AD vs. log time (aging) was made to analyze
this hypothesis.
Table 4.8
Log AD versus log time (Aging)











The results are shown in Figure 4.9, and the points obtained in
Table 4.8 were directly from Figure 4.8. The actual curve in
Figure 4.9 falls off from the straight line relationship represented by








































between this and the Cottrel and Bilby model will be further
analyzed in Chapter 5.
4.8 Temperature Effects on Aging
The purpose of this experiment was to investigate the effect of
temperature on the aging of strained crystals in the emulsion. If
the effect of temperature could be established, then relationships
similar to those investigated at room temperature could be analyzed
with plots of AD versus In (aging time) for different temperatures
(Faelens, 1954; Shalitt, 1981). From these plots, an estimation of
the activation energy for the aging process can be made (Shalitt,
1981). With respect to the proposed model, it is assumed that the
diffusion of impurities towards the dislocation plays an important role
in the aging process. Previous works by Shalitt (1981), Whittworth
(1978) and Kabler et al. (1963) have calculated activation energies
for the diffusion of impurities to the dislocation and more impor
tantly, Shalitt (1981) demonstrated that the diffusion was mainly due
to elastic forces. Therefore, it is important to calculate an activa
tion energy for this aging process and try to correlate
the value to
those found by previous investigations.
It must also be noted that the annihilation of dislocations is also
a possibility in the aging
process. Recall that this process is
dependent on the diffusion of interstitials and vacancies to the
dislocation, thereby affecting
the climb mechanism for movement (see
Section 2.3). Therefore, it is expected
that the annihilation process
is temperature dependent.
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Emulsion strips were stressed at 2500 kg/cm2 with the com
pression square and then aged at various temperatures in sealed
containers (see Section 3.3(e). The minimum aging time selected was
about four hours. This allowed enough time for the strips to reach
temperature and age at that temperature for a time much longer than
it would take to reach that temperature. This was an approximation.
The temperatures selected for aging, 249K, 277K, 297K, and
218K, offered a wide variation for analysis purposes and activation
energy calculation (Faelens, 1954).
After aging, the strips were then exposed with the sensitometer
to yield a density of 0.85 with the surface developer in the
unstressed portion of the emulsion. Density measurements were
made with the Macbeth densitometer and changes in density between
stressed and unstressed portions were plotted against In (time) for
each temperature.
Figure 4.10 illustrates the temperature effect on the aging
process. The change in density, AD plotted against In (aging time)
for the temperatures indicated, resulted in straight line relation
ships. This was similar to the same plot for room temperature
aging. It demonstrates that a change in temperature results in a
change in the time required for the surface desensitization to
decrease to a specific value. For example, if the surface desensiti
zation is to decrease to AD
= 0.08, it would require 54 minutes at
318K and 8103 minutes or 135 hours at 249K.
With respect to the proposed model, a
decrease in temperature
causes an increase in the times of diffusion































dislocations and/or the times for dislocation annihilation. Both of
these assumed processes result in a decrease in surface desensitiza
tion that is shown to be time and temperature dependent in
Figure 4.10.
The parallel behavior of these plots can result in the calculation
of the activation energy of the aging process. This will be
discussed in the following section.
4.9 Determination of Activation Energy for the Aging Process
Assuming that the aging process, i.e., a decrease in AD with
time and temperature, is dependent on the diffusion of impurities to
the dislocation, the activation energy for this process can be
calculated in the following manner. The argument to be presented
was obtained from Shalitt (1981) in which he demonstrated a direct
proportionality between the number of impurities, n(t) arriving at a
dislocation and the increase in stress A6 required to free the disloca
tion from the impurity cloud, after aging for a time tg. The
argument is as follows:
Assume a single mechanism of impurity ion diffusion by vacancy
motion is involved. Let the height of the energy barrier be Ug and
the vibration frequency of the ion be vQ. The ion has sufficient
energy to surmount
the barrier Vj




For the ion to jump the energy barrier, an adjacent vacancy must
exit at the adjacent lattice site. If n is the number of vacancies per
unit volume and N is the total number of possible sites for vacancies




where U is the formation energy for a vacancy. Then, the number
of successful jumps per unit volume as a result of thermal activation
is
_ ry
-U /kT -U /kT




where a is an entropy factor to account for the changed configura
tion and Z is the number of equivalent neighboring sites.
The number of impurities arriving per unit length of the dislo




where v is the speed of diffusion and
c is the number of impurities
per unit volume
for v = av
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Let the change in density dD be a consequence of the arrival of dn






where C = (caZv0tv/G) and is assumed constant








Hence, if In t^ is plotted against 1/T, the resultant slope will be
a
(U +U )/k, where (U +U ) is the activation energy for the diffusion
> V O V
of impurity, assuming a substitutional impurity diffusing by vacancy
motion. It is also assumed that AD is somehow proportional to the
number of impurities arriving at a dislocation.
From the graph in Figure 4.10 the data for the calculation of
the activation energy can be easily obtained. The points corre
sponding to the aging
time required to reach a AD of 0.08 were used
and plotted against the reciprocal value of
temperature. (See Figure
4.11.) The slope of Figure
4.11 was found to be 4880K 350K

















3.0 3.2 3.4 3.6
1/T(K) x 1Q3
3.8 4.0
Figure 4.11. Determination of Activation Energy for Aging Process
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From the above theory, the activation energy is calcu
lated as follows
slope = (Us+Uy)/k (Shalitt, 1981)
(Us+Uy) = 4800 x 1.38062 x
10"23/1.602xl0"19
= 0.42 eV
Hence the activation of the aging process is 0.42 eV, based on the
assumption that impurities diffuse to the dislocations.
The significance of this value is that similar calculations by
Shalitt (1981) and Kabler (1963) resulted in similar values for activa
tion energy of the diffusion of impurities due to mainly elastic forces
to the dislocations. It is therefore assumed that a similar process of
impurity diffusion to dislocations in strained crystals of the emulsion
is taking place and thus decreasing the attraction for latent image
formation. This is seen as a decrease in AD with aging time.
Further discussion can be found in Section 5.3.
4.10 Errors
The data obtained throughout this study was the result of both
quantitative and qualitative measurements. The purpose of this
section is to reveal the areas of error in measurement, processing
and calculations.
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a) Errors in Stress Measurement
All measurements in stress were absolute values. The largest
error produced in these measurements were from the dynomometer
readings. Most of the stress data was obtained through the 0-10000
lb scale dynomometer with 50 lb increments. Therefore, with the
compression square tool, the error in stress is as follows:
50 lb increments - error 12.5 lb or 27.5 kg
compression square area = 0.203 cm2
stress error = 27.5 kg/. 203 cm2 = 135.8 kg/cm2
With the compression bar;
compression bar area = 1.83 cm2
stress error =27.5 kg/1.83
cm2 =15.0 kg/cm 2
Similar calculations were made when utilizing
the 0-250 lb scale
dynomometer with increments of 5 pounds.
stress error with




compression bar = 1.25/1.83
kg/cm2
= 0.7 kg/cm2
The time required to
reach the required stress value on the
manually
operated Dillon tensiometer
was an important consideration
in determining the aging
time between stress and exposure. For
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high stress values utilizing the compression bar, a typical time to
reach the stress was approximately 20-25 seconds. Since each stress
application lasted for exactly 15 seconds, the aging time count was
started immediately as the stress was being removed. This method
was strictly controlled, especially for aging times of one minute.
b) Errors in Determining Change in Density-Processing
Determination of the change in density between an unstressed
and stressed area of an emulsion required at least three separate
experiments for each stress value. For single exposure value mea
surements, the AD value was the average of three
stressed/processed
strips for each stress. The standard deviation criteria was the
error measured and each of the tables listed in this study show the
error. Similar method of experimentation was done for stressed
sensitometric strip measurements. Therefore,
the development
process was the critical factor in ensuring very
similar density levels
for the same exposure conditions. All
of the factors effecting
development and density, such as developer oxidation,
process
temperature and time, agitation were critically
controlled to ensure
minimum processing error.
The final mediator for the process con
trol was that the density variation
of the unstressed portion of the
film was no more than 0.03 density
units.
Since the parameter for measuring
surface desensitization and
interior sensitization




maintains errors at a
minimum.
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c) Errors in Calculation
All calculations involving the analysis of straight line relation
ships and their respective slopes was assessed utilizing a simple
linear regression model and the t-distribution as the test statistics
(Walpole and Myers, 1978). An example of the calculations involved
follows using the estimate of the activation energy of
the aging
process (see Section 4.9).
X(1/TK) .00314 .00336
.00361 .00403



































= 5.88 - (4879.9)(0. 00354)
= -11.4
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The standard deviation for p., given by
S2
= SSE/n - 2
where SSE =
IY2
- (IY)2/n - P-JIXY - (IX)(IY)/n]
SSE = 13.3 - 4879.9 (.00213)
= 2.88
S2
= 2.88/2 = 1.443 S = 1.201
To establish a 90% confidence interval for the value of slope,













- (0.01414)2/4 = 4.37x10
xx
-7
4880 - 1. 886(1.
201)/6.61xl0"4
< p < 4880 +
4.303(1.201)/6.61xl0-4
1453 < p < 8306.76
Similar calculations were conducted
on all sets of data that
maintained a linear relationship and
therefore this relationship was





The concern of this study was to establish two overall objec
tives on the effects of mechanical stress on silver halide emulsions.
The first was to relate the established theory of dislocations to the
effects of stress, namely kink desensitization, and the second was to
hypothesize on a model of the active forces in a strained silver
halide crystal. In this manner, it is assumed that the applied stress
above 400 kg/cm2 plastically deformed the silver halide crystals,
hence producing dislocations. It is further assumed that these
dislocations attracted the latent image, electrostatically or elastically
thereby causing a surface desensitization in the stressed region of
the emulsion. With time, it was shown that the desensitization
decreases and that this decrease was temperature dependent. This
would seem to indicate that more external images were formed as the
strained crystals were aged prior to exposure. It is proposed that
this phenomenon occurs due to diffusion of impurities via mainly
elastic forces to the dislocation which decreased the preferential
attraction for latent image formation.
The role of dislocations in the formation and location of latent
images is of obvious importance.
Mitchell (1953), Jones et al. (1957)
and Parasnis (1964) clearly demonstrated
that photo produced silver
atoms form along the
dislocation lines of a strained silver halide
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crystal. Although this present study would not clarify why the
dislocations play such an important role, it was still reasonable to
assume that the latent image forms on the dislocation lines of the
strained crystal. Therefore, the characterization of the stress
phenomenon was based on the dislocation theory and its associated
forces which to date has not been correlated. This model described
above will now be explained with the data and results obtained in
this study.
5.1 Effects of Stress on the Emulsion
The stress equipment and tools were utilized to stress the
crystals in the Kodak Royal-X emulsion. The indication of any
change in the crystal structure (i.e. plastic deformation) was
assumed to be the point at which a change in density occurred
between the unstressed and stressed region of the emulsion (see
Figure 4.1). Because of this change in density first occurring at
400 kg/cm2, this stress was assumed to be the yield point and the
start of dislocation formation. Below 400 kg/cm2, no changes in
density were noticed. This assumed yield point value was signifi
cantly higher than
values quoted by Shalitt (1981) for AgCl, pure
and doped with impurities (16-24 kg/cm2, and higher for doped,
100 kg/cm2). These values were found via
large silver halide
crystals, 0.5 cm in
diameter and 1 cm in length, and were not bound
in gelatin, as in an
emulsion. Hence, it was reasonable to assume,
that the gelatin had a
"cushioning"
effect against the applied stress.





higher stresses would be required on the emulsion to establish a
stress of 20-100 kg/cm2 directly unto the crystal. In other words,
the stress mechanism would seem to be more of a hydrostatic type
rather than axial. The net effect however was to plastically
deform the crystal, thus producing dislocations. If the straight
portion of the plot was to be extended as shown by the dotted line
of Figure 4.1, the yield point would be approximately 60 kg/cm2.
This difference would also seem to indicate the cushioning effect of
the gelatin.
This indicates that the axial stress to deform a crystal in the
gelatin environment should be much higher than in conventional axial
stress measurements. The different mechanical properties of the
gelatin, i.e. being much harder than the crystals (Kowaliski, 1966)
modified the required applied stress to deform the imbedded crystal.
The effect of stress on the change in density is seen in
Figure 4.1. There is a straight line relationship between AD and
stress between 600 kg/cm2 and 2500 kg/cm2. It is assumed that
starting from 400
kg/cm2 of applied stress, the crystals within the
emulsion were being plastically deformed. It seemed that a change
within the silver halide crystal was occuring to cause the latent
image to form in the interior of the strained crystals rather than on
the surface, thus showing up
as a decrease in density with a sur
face developer. Since dislocations were
shown to play an important
role in image formation by Mitchell (1953) Jones and Mitchell (1957)
and Parasnis (1964), it was therefore
assumed that in this study,
dislocations again were attracting the
latent images over the surface
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chemical sensitizers. Therefore stresses above 400 kg/cm2 were
causing a desensitization in the stressed area of the emulsion by
presumably causing plastic deformation of the crystals hence produc
ing dislocations. These findings were in agreement with Faelens
(1954), Kowaliski (1966), and Dautrich et al. (1973).
Further characterization of stress effects can be seen through
the experiments on shifts in the characteristic curve of the emulsion
developed in a surface developer (see Section 4.2). Figure 4.2
illustrates the effect of the intensity of exposure on surface desensi
tization of this emulsion. Within the straight line portion of the
characteristic curve, surface image desensitization is constant for a
particular stress. However in the toe region of the curve, desensi
tization rapidly decreases as the stress is decreased. Therefore for
low intensity exposures, desensitization is more enhanced at higher
stresses (2000 kg/cm2) and almost negligible at low stresses
(800 kg/cm2). These results are in agreement with the recent
experiments conducted by Hermans et al. (1982) at the Agfa-Gevaert
laboratories. Figure 4.3 further illustrates surface desensitization as
a result of stress. The sensitivity of the emulsion is decreased with
an increase in stress.
Analysis of the internal areas of the strained crystals was
required to further enhance the proposed model. Since it was
assumed that as a result of stress, the
images were attracted to the
inside of the strained crystals, internal
development was utilized to
show that in fact this had occured. Therefore,
internal development
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was a means of complimentary analysis for the surface desensitization
phenomenon .
Analysis of the suspected internal sensitization (see Section
4.3) resulting from the surface desensitization was not as successful
as in the studies by Kowaliski (1966), and Faelens (1954). Their
studies found that a loss in surface sensitivity corresponded to an
exact opposite increase in sensitivity in the internal portions of a
strained crystal. However, Hermans et al. (1982) found a large
dependence on exposure time and intensity for this phenomenon to
occur. In this study, internal development revealed no internal
sensitization if the strained crystal was exposed under the exact
same intensity conditions as where surface desensitization was pre
dominant. However if the intensity increased, (see Figure 4.4)
internal sensitization was predominant at both high stress levels
(2000 kg/cm2) and low stress levels (800 kg/cm2). Figure 4.5
further illustrates that within a small exposure region (log H of
-0.90 to -0.76), surface desensitization corresponds to an internal
sensitization of a stressed emulsion. It is therefore suggested that
at lower exposure levels (i.e. log H < -0.90), the internal image
formed along the dislocation line
was dispersed sufficiently to
prohibit any development.
However at higher exposures, sufficient
silver was available and stable
enough along the dislocation to allow
development to occur. Therefore with
these findings, along with
earlier studies by Mitchell (1980) Seitz (1951),
and Jones et al.
(1957) all of whom found that
silver formed through exposure will
form along a dislocation line of
a strained crystal, it is suggested
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that latent images are attracted to the interior of a strained crystal
due to the formation and presence of newly formed dislocations.
However, this probably provided many sites for latent image forma
tion, thus dispersing the image to many sub latent images, rendering
them undevelopable. The actual developability of these interior
images seems to depend on the intensity of exposure to supply
sufficient stable latent images for development. With increased
exposure, these sub images are probably increased to latent image
size and developed.
The actual nature of the preferential attraction of the disloca
tion to latent image formation is not firmly established. And it is
not the intent of this study to determine what exactly is attracting
the latent image and in what manner. The experimentation and data
is not complete enough to fully undertake this commendable task.
However, the nature of the forces involved with a dislocation can be
further analyzed with respect to the aging experiments conducted in
this study. By analyzing the effects of time and temperature on
surface desensitization, certain proposals as to what might be taking
place at the dislocation can be formulated.
5.2 Characterization of Aging Phenomenon
Experimentation conducted on aging indicate that dependent on
time and temperature, the
assumed preferential attraction of the
dislocation to latent image
formation decreases, resulting with an
increase in surface developability with aging
after stress. It is
assumed that something has
occurred (for example a diffusion of
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ions) to decrease this attraction to latent image formation at the
dislocations. As previously mentioned, the minimum aging time after
stress was one minute. Wentz et al. (1976) showed that migration of
Frenkel defects to dislocations in silver halide crystals via electro
static forces occurs in milliseconds. However, Shalitt (1981) and
Whitworth (1975), showed that impurity migration takes much longer
than Frenkel defects, and diffuse to dislocations mainly due to
elastic forces (in contrast to electrostatic forces). Therefore, for
aging times of one minute or greater it would seem that impurity
diffusion, as proposed in this study's model, to dislocations is
responsible for the decrease in desensitization. Substantiation of
this hypothesis will now follow.
The decrease in desensitization is illustrated in Figures 4.6
through 4.8, which are in agreement with aging experiments con
ducted by Faelens (1954), with respect to the exponential decrease
of surface desensitization with time. This exponential relationship is
further characterized by the straight line obtained when AD is
plotted against In TIME, Figure 4.8. It seems that AD is propor
tional to In (aging time).
Two major processes are involved in aging stressed crystals, if
only elastic forces are considered: dislocation annihilation or
impurity aggregation (see Section 2.3). Both possess the effect of
decreasing the free energy of the stressed crystal caused by the
formation of dislocations. As illustrated in Figure 4.7, one process
seems to be involved in forming the shape of the curve, since a plot
of AD versus In (aging time), Figure 4.8 shows a continuous straight
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line relationship, which suggests one process. The process of
recovery is highly dependent on the diffusion of interstitials and
vacancies, to allow for the movement of dislocations under their own
stress (Sprackling, 1976), thereby decreasing the free energy.
Room temperature is considered high for silver halide crystals.
Hence, diffusion of interstitials and vacancies is expected. There
fore, it is possible that recovery process can account for the
mechanism in decreasing surface desensitization.
The movement of impurities through a crystal is highly depen
dent on elastic forces as the main force for diffusion through the
lattice (Cottrell, 1949; Shalitt, 1981), and is, therefore, time and
temperature dependent as any diffusion process. Cottrell and Bilby
(1949) devised a model for migration of impurities to a dislocation
(Section 2.3) indicating that the number of impurities that arrive at
2/3
a dislocation is proportional to (time) . Recent experimentation
conducted by Shalitt (1981) confirms this relationship for impurity
migration in pure silver chloride crystals. Although no attempt was
made in this present study to determine actual numbers of impuri
ties, an association between AD and
the number of impurities at a
dislocation was assumed (Section 4.9). The exact assocation, if any,
is beyond the scope of this study, however
arrival of impurities at a
dislocation will decrease the free energy of
the crystal hence
decreasing the preferential
attraction for the latent image to the
dislocation. Qualitatively therefore some
correlation with AD can be
made. In Figure 4.8, the slope of the
straight line was calculated
to be -0.013, which does not
correspond to the Cottrell and Bilby
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model. A different association was attempted in Figure 4.9 where
log AD was plotted against log time. The slope in that case was
found to be -0.133, again not corresponding to the Cottrell and
Bilby model. In contrast, Slifken et al. (1973) showed that aging in
silver chloride crystals followed a
(time)1/3
law. In other words,
the Cottrell and Bilby model seems to apply to a very specific exper
imental conditions which are not applied here. In this study the
relationship was found to be AD proportional to (aging time)0,133.
The exact association between the number of impurities arriving at a
dislocation and AD would be too complicated to determine and is
considered beyond the scope of this study. However, the fact that
aging a stressed emulsion causes a decrease in densitization still
remains and that ADa In (aging time) 0.133. The assumption of
impurity diffusion to dislocations thereby resulting in the aging
phenomenon can be verified by activation energy calculations for the
aging process.
5.3 Temperature Effects on Aging
- A Proposed Model
Section 4.6 describes the results on the effects of high and low
temperature on the aging phenomenon of stressed crystals. Plots
similar to those of Figure 4.8 at various temperatures, indicate the
aging phenomena is
temperature dependent. In other words, the
higher the temperature, the faster the decrease in surface desensi
tization. At low temperatures (249K), however, the surface desen
sitization requires a much longer time to decrease. Since the aging
plots seem to be parallel, calculation for the
activation energy of the
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aging process can be done using the equations described in Sec
tion 4.9.
The average value of the activation energy (A.E.) was found to
be 0.42 0.03 eV. This is exactly the same value found by Shalitt
(1981) for the diffusion of
Cd+2
ions and other impurities to disloca
tions in AgCl via elastic stress fields. The experimental procedure
by Shalitt were different from those in this study. His technique,
similar to Cottrell and Bilby's involved large single crystals of silver
chloride grown from the melt and incorporated divalent impurities
+2 +2
(Mg and Cd ) of various concentrations. Tests were carried to
determine the change in hardness of the crystal (relating to the
number and ability of dislocations to move freely) after aging at
various temperatures. This hardening process was related to impur
ity diffusion to the dislocations, thereby pinning them and making
the crystal harder. Similar techniques were used by Kabler et al.
(1963) who also found similar activation energy values for impurity
diffusion to dislocations.
The method of testing in this study was quite different from
the above, however an activation energy for the aging process was
still reliably determinable. Therefore,
due to the similarity in
activation energy values from this study
(0.42 eV 0.03 eV) and
those of Shalitt (0.40 eV for
Cd+2
impurity) and Kabler, it is pro
posed that the aging phenomenon is
due to impurity migration to the
dislocations. This causes the dislocation to be less active in attract
ing latent image formation with time, hence,
AD decreases with aging.
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Previous investigation conducted by Reade and Martin (1960)
and later by Saweyer and Laskar (1970) on activation energy of
impurity diffusion found the value to be 0.57 eV. This experimental
technique was quite different since it was based on the diffusion of
radioactive ions due to a concentration gradient in an annealed
crystal. Shalitt explained that his values were lower than the value
found by tracer experiments since the impurities are elastically
attracted to the dislocation, hence favorably reducing its own
energy. Therefore, less energy is required for diffusion to take
place towards the dislocation than by diffusion controlled by a con
centration gradient.
Therefore the value of the activation energy found in this
present study seems to support the model of impurity ions diffusing





The effects of mechanical stress on an emulsion, namely Kodak
Royal-X Pan, have been established and characterized. The surface
sensitivity of strained crystals was decreased due to stress to a
maximum desensitization of 0.16 density units at 3500 kg/cm2 stress
(Section 4.1). Surface desensitization is more prominent at higher
intensities of exposure than in the toe region of the characteristic
curve and is constant with exposure within the straight line portion
of the characteristic curve (Sections 4.2 and 4.3).
Internal development revealed that the lost surface latent images
were inside the strained crystals of the stressed portion of the
emulsion. This seems to indicate that the stress effect was not due
to possible gelatin compression impeding the development of the
silver halide crystals. However, internal sensitization of the
stressed emulsion depended on the intensity of exposure. At low
intensities where surface desensitization was prominent, it seemed
that the dispersion of the internal photo produced silver atoms was
not large enough for development. However, at higher exposures,
internal sensitivity increased
with stress (Section 4.4), whereas
surface desensitization was still
occurring.
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Aging experiments indicated that the desensitization process is
time and temperature dependent (Section 4.4). Surface desensitiza
tion decreased exponentially with time in the order of hours and
days (Section 4.5 and 4.6). Straight line plots of AD versus
In (aging time) showed this exponential relationship of desensitization
decay to be true. Temperature effects on aging showed that the
decrease in surface desensitization was directly proportional to
temperature (Section 4.8). Plots of AD versus In (aging time) for
various temperatures were straight and parallel to each other (Sec
tion 4.8).
6 . 2 Conclusions
The effects of mechanical stress on an emulsion are assumed to
be the result of plastically deforming the silver halide crystals, thus
producing new and active dislocations. This assumption is based on
the high stress involved (400 kg/cm2) before any noticeable change
in density occurs between stressed and unstressed areas of the
emulsion, as well as the activation energy (A.E.) calculations
(0.42 eV) that indicate a diffusion of impurities to dislocations.
There is a direct relationship between the change in density and
stress (Figure 4.1). Since it is assumed that these stresses are
enough to plastically deform the crystals
in the emulsion, then the
change in density is directly related to the
production of these new
dislocations. Internal development of the stressed emulsion, showing
an internal sensitization due to stress,
further compliments this
model. The characterization of the effect of stress was completed by
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analysis of shifts in characteristic curves due to stress with both
surface and internal development. These experiments showed that
the effects of stress are exposure dependent.
The significance of aging experiments lies in the demonstration
of the exponential decay of surface desenitization over a long period
of time. The temperature dependence of this decay allowed for the
calculation of the A.E. of the aging process. The value obtained,
compared with previous studies by other authors, shows that a
diffusion, which is temperature dependent, of impurities towards the
dislocation is causing this aging effect. Furthermore, the diffusion
seems to be a result of elastic forces associated with both the dislo
cation and the impurity- Hence, it is proposed that the attraction of
the dislocation is mainly due to elastic forces. The result of the
impurity diffusion to the dislocation is that the dislocation is less
active in attracting latent image formation, hence more surface latent
images are developed. This method of A.E. determination to the
best of the author's knowledge, is unique, however definitely viable.
From the results obtained in this study, dislocation formation
and impurity diffusion seem to be important factors in the effects of
stress on an emulsion. This opens a new method of analyzing the
stress phenomenon. With a complete understanding of the processes
involved in a stressed crystal, methods of control on this phenomenon
could result in their elimination or constructive
use.
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6.3 Suggested Future Work
Although it was the intent of this study to supply a complete
and thorough investigation of the effects of mechanical stress on the
emulsion, nonetheless several other related areas require investiga
tion. They are as follows:
D The impurities and their diffusion within the strained
crystal seem to be the controlling factor in the decrease in surface
desensitization with time. Analysis of impurity types and concen
trations in silver halide crystals should be investigated with the aim
of minimizing the time as much as possible to achieve a maximum
decrease in desensitization.
2) In the same vane, hardening of the crystal to prevent
plastic deformation under "normal" kinking of the film can be related
to the type of impurities within the crystal.
3) A factor overlooked in this study due to its complexity was
the mechanical properties of the gelatin. The presence of gelatin
seemed to have had a large effect on the yield point of the silver
halide crystals, thereby affecting their plastic deformation. The
mechanical properties of the gelatin in relation to the effects of
stress would be an important area of investigation.
4) The effect of the base material in the same view as the
gelatin effect on the stress phenomenon would also be valid.
5) The effects of exposure time and intensity on stressed
emulsions should be further analyzed with dislocation theory in mind.
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